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A method for determining a physical or chemical char- 
acterisoc of a liquid m which a drop of the liquid Is located 
on the surface of a crystal of a ojaartz crystal i 
The liquid fai e va po ta ted from said surface whOe a i 
put of the crystal nikrobalance is measured. The i 
is analysed to determine the characteristic of the fipjuid \ 
may be, for ex a mp l e , the chemical coniposinoa or the \ 
ity. Apparatus tor carrying out the method is i 
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METHOD AND APPARATUS FOR DETERMINING A PHYSICAL OR CHEMICAL CHARACTERISTIC OF A 
LIQUID 

The present invention relates to the determination of the characteristics of a liquid in 
particular by using a quartz crystal microbalance (QCM). The characteristics may be, 
for initfuiK^ the chemical composition or the viscosity of the liquid. 

5 

The QCM was first used as an accurate weight measurement device for measuring 
the weight of thin film metals. The microbalance works by applying an oscillating 
electric field across a quartz crystal. The field causes a shear oscillation in the crystal 
known as the converse piezoelectric effect and the crystal oscillates at a stable 

10 resonant frequency. When matter is deposited on the crystal the effective wavelength 
of the oscillation is increased and the frequency is thus reduced Therefore, die 
resonant frequency of the crystal is sensitive to matter deposited cm its surface or 
which is coupled to the surface by viscoelastic means. In addition when connected to 
a network analyser, admittance, quality fector Q, phase and radio frequency (if) 

IS voltage may be measured. The effect of various interfecial physical phenomena on 
these quantities has led to the U9e of the QCM in many analytical applications 
including adsorption of gases, the solid-liquid function, electrochemistry, thin films, 
polymers and the study of biological reagents at the crystal surface. 

20 The use of the QCM for measurement of fluids has been explored. In comparison 

with a solid mass, which is entirety mechanically coupled to the quartz surface due to 
its rigidity, the reduction in resonant frequency in a fluid is due to an effectively 
rigidly-coupled surface layer. Beyond this layer, the crystal is unaffected by the fluid 
other than by the small effect of the pressure exerted by the weight of the fluid. 

25 

As a consequence, analysis of fluids has concentrated on measurement of mass 
change in a stable liquid layer on the surface of the microbalance. Such a fluid is in 
equilibrium and can provide a uniform coating across the entire crystal surface. 
Changes in the co mp osition of the fluid can therefore be determined by measuring 
30 the change in mass per unit surface area. 
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According to an aspect of this invention there is provided method for determining a 
physical or chemical characteristic of a liquid, the method comprising: 
depositing said liquid on a surface of a crystal of a quartz microbalance to form a 
droplet on said surface; 
5 evaporating said liquid from said surface; 

measuring a signal output of die crystal microbalance; and 

analysing of die si gnal output to determine said characteristic of said liquid. 

The droplet on the surface of the crystal may be described as a sessile body of liquid, 
10 indicating that it simply sits on die crystal surface. 

The characteristic of the liquid may be, for instance, some aspect of the chemical 
composition of the fluid or its viscosity. 

IS Evaporation of the liquid drop produces changes in a number of measurable physical 
characteristics of the crystal any of which may be measured as a signal output from 
the crystal. Hie measured values are characteristic of the chemical composition of the 
liquid. 

20 The droplet preferably hat a volume of from 0 J to 1^ more preferably about 1^ 

Preferably, the output signal is drpnift"* on die evapo r ation rate of liquid from die 
crystal surface. 

25 Pteferably the change in resonant frequency measured Optionally, Af 0 can be 
measured by including the crystal microbalance as a component in an oscillator 
circuit 

Optionally, any or all of the following physical characteristics, namely, admittance, 
30 quality factor (QX phase or radio frequency (rf) voltage may be measured 
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Preferably the signal is measured as a function of time Optionally the measurements 
are taken at least three times per second. 

Preferably the measurable physical characteristics may be measured using a network 
5 analyser. 

Preferably the liquid may be composed of a single unknown chemical or a mixture of 
unknown chemicals. Optionally, the liquid may be an organic liquid. A further 
option is that the liquid mixture contains at least one organic liquid. 

10 

Preferably, die signal output is analysed by comparing values derived from the signal 
output with known values in a database. Such a comparison allows die 

unknown liquid to be identified. 

IS The present invention also provides an apparatus for determining a physical or 
chemical characteristic of a liquid, the apparatus comprising: 
a quartz crystal microbalance; 

means tor depositing said liquid on the surface of said crystal microbalance to form a 
droplet on said surface; 
20 means for causing the evaporation of said liquid on the surface of said surface; 
meansfbrmeasuring the signal onqjutofuieaystalnricrobalance; and 
means for analysing the signal output to determme a said characte^^ 

For many volatile liquids the observed frequency response is qualitatively 
25 char a c terist ic of die specific liquid used such that a non-detennhnstic recognition 
method can be employed in order to identify the liquid. The origin behind such 
characteristics is believed to be the variety interaction between convection and 
conduction processes, and the surface tension of the liquid. Such liquids can be 
termed unstable-interface liquids. However, for other, stable-internee liquids, the 
30 re spo ns e s are generic, differing only in the severity of the resp o nse curve. The 
response curve is parameterised by the crystal sensitivity S(r,#, where r is the radius 
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and # is the angle subtended from the crystal centre across its surfecc This sensitivity 
is formally expressed as a series of Bessel functions but is more often approximated 
as Gaussian, as in equation (1): 

5 S(r,#) = S,exi|-A#)p.j (1) 

where /9 controls the sensitivity dependence on radius r and the radius of die QCM 
electrode is ry It is possible to relate Af(t) to elapsed time At as provided in the linear 
expression of equation (2): 

,„ .„,, - AT_ _ 4f- _ Jr'M . *Jt} _, 



where 4^ is the change of frequency observed, rfoj is die radius of the 

drop at the moment h is deposited and v r is the retreat speed. By dividing through by 
IS -Afl(l-cxp-fJ) and taking logarithms: 

•h|i-W) ^^] -c;^ (?) 

where: 

20 




25 where v r is defined in terms of area change per unit time, mV. 
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Preferably a computer is used to store a database of known values. Preferably a 
computer is used to compare the known and unknown values and select the best fit 



5 Preferably the crystal is driven at its resonant frequency or harmonics thereof by an 
Alternating Current supply. Preferably the crystal microbalance is constructed from 
quartz crystal* Preferably the quartz crystal is unpolished. Optionally the quartz 
crystal has a diameter of between 5mm and 15mm. 

10 Preferably the quartz crystal microhalance is attached to a network analyser by 
means of an electrode on both its upper and lower surfaces. 

Preferably the rate of evaporation is controllable. Preferably die rate of evaporation is 
controlled by controlling die temperature of the crystal surface. Optionally, the rate 
15 of evaporation is controllable by controlling the pressure at the crystal surface. 

Preferably, die volume of liquid deposited on the surface can be controlled 

The method of the present invention can be used to determine the viscosity of die 
20 liquid droplet From die Sauertxey equation we know that the change in oscillating 
frequency of a Quartz crystal microhalance transducer is related to die mass loading 
that crystals surface (equation (1> 



from the known signals to determine the identity of the unknown chemical. 




(1) 



30 

A/= frequency change, /„= crystal re so nant frequency, A*r= mass change, A= 
electrode area, shear modulus of quartz and /y= density of quartz. 
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When a droplet is in contact with an oscillating surtnee, the oscillations passing from 
the surfece into the fluid droplet decay acc or d in g to an exponential law. The 
penetration depth 8 is a distance normal to the crystal surftce over which the 
amplitude of the oscillations reduces by e tunes. This penetration depth is dependent 
S on the properties of the fluid forming the droplet as seen in equation (2). 



40 



15 where: - n>= absolute fluid viscosity, and fluid density. 

The Sauerbrey equation assumes a solid mass loading of the crystal where the whole 
of the mass oscillates with the crystal frequency. As explained above, when the 
loading is fluid, the whole volume of the droplet will not oscillate with the crystal as 
20 the amplitude decays through the fluid. The volume of fluid oscillating at the crystal 
frequency is equal to a volume of A*&2. This means it can be assumed that a layer 
forms on the electrode, which acts as a solid mass and is known as the rigidly 
coupkd layer. This layer is the Am re 

the crystal oscillations. The mass of this layer is related to the density and volume of 
25 the droplet as shown in equation (3). 

30 Am=A^| (3) 

Substituting equations (2) and (3) into equation (1) gives an equation relating 
35 frequency change to viscosity. 



This rearranges for viscosity as shown in equation (5) 
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The invention will now be described by way of example with reference to the 
acc ompan ying drawings of which: 

Figure 1 shows the equipment and expe rim ental set up used for measuring 
10 liquid characteristics on evaporation; 

Figure 2 shows a set of graphs for plotting the change in resonant frequency 
of the crystal against time for a range of liquids ou evaporation; 

Figure 3 shows a set of graphs plotting the change in resonant frequency 
against time for a liquid using different types of crystal; 
IS Figure 4 shows a schematic diagram of a device for determining the content 

of a liquid; 

Figure 5 is a graph showing the change in resonant frequency against time for 
butan-l-ol; 

Figure 6 shows response curves for a range of alcohols; and 
20 Figure 7 shows the results of viscosity measurements on TBP/OK mixtures. 



25 



30 



Referring to Figure 1, a quartz crystal was used and operated at a resonant frequency 
of 10MHz by frequency generator S. The quartz was unpolished, with total diameter 
of 8mm and a silver electrode of ^pproxmiately 4oxm diameter on each free. The 
crystals were connected to a network analyser 7 using grounded coaxial leads to 
minimise stray capacitance effects and external interference. The crystal surfaces 
were orientated in the horizontal plane. The network analyser 7 used in mis work 
was a Hewlett Packard 8753C and was interfaced to a personal computer 9 via Lab 
View, a data acquisition software package. The network analyser 7 was set up to 
record the change in frequency Af from the resonant frequency/, at a rate of 3 



In perfonning the experiment a droplet of alcohol 3 was applied to upper surface of 
the crystal 2 using a syringe (not shown). The droplet was observed to completely 
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20 



cover the upper surface 2 of the crystal and a mean droplet volume of lmm was 
recorded. Data were recorded from a time immediately prior to the droplet being 
deposited on the upper surface of ^.crystal 2 to miincd^ 



30 



zero. 



A selection of volatile alcohols were used in the experiments to study the effect of 
increasing molecular chain length cm tf over time. 

The above experiment examined methanol, ethanol, propan-2-ol, butan-l-ol and 
10 pcntan-l-oL 

Figure 2 shows the change m rescnam 

die above alcohols. 2 The plots (a) to (e) show the results for methanoU ethanol, 
propan-2-ol, butan-l-ol and pentan-l-ol, respectively. 



m general the response of Ihe o 

e^oratmgalcoto Althougha 
snBUar general response is exHWed by au grve alc^^ 
aspects that are characteristic of the alcohol used. 



figure 3 show, the change in resonant Vm*^^*^**** 
on three separate crystals of die same type. 



Ahtaugb there we chaiiges m tte 
25 volume, whkmresuhm changes mtte 

characteristic shape of respoi««ieprc4uced. This was evident for the other alcohol 



In Figure 4 a device 31 is shown which can be used to cietermine the chemical 
contents of a sample. A sample 32 is placed on the upper surface of a quartz crystal 
39 by means of a syringe or other accurate measuring device. Use of such an 
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accurate measuring device ensures that a substantially constant volume of sample 32 
can be analysed. Temperature control dements 35 are used in conjunction with a 
thermometer (not shown) in order tQ control the temperature inside die evaporation 
chamber 33. This in turn controls the rate of evaporation for the sample. As in 
5 example 1, the crystal is driven by an ac signal generator 49 at the resonant frequency 
of the crystal (or harmonics thereof). 

On evaporation, die change in frequency Af is sampled by a network analyser 41 
which is set to sample Af3 times per second. Sampling rate can be easily increased 
10 to improve accuracy . The data obtained during sampling is then stored in a memory 
chip 43. Once all of the data has been collected, the stored data is downloaded onto a 
computer where analysis of the data is und e rtaken 

Figure 5 shows die change in resonant frequency 4/* (Hz) against time (t) for butan-1- 
15 ol with a least squares fit to the region where the evaporation rate is constant This 
linear region of die graph is due to die increase in evaporation rate being 
compensated for by a decrease in mass on the crystal surfece. After the linear section 
the change in mass dominates. Figure 5 has a characteristic shape similar to that of a 

20 

Data analysis can be performed by using equation (3) set out above. The value of the 
constant ^has been taken to be 2.0Ot0.05 and independent of £ which is consistent 
with other studies of radial sensitivity of quartz crystals. Plots of 
y=- ln(4/"(/Xl - «p- P) I Afmm - 0 against Ai for the series of alcohols studied are 
25 presented in Figure 6. Hie alcohols are a) methanol, b) ethanol, c) propan-2-ol, d) 
butan-l-ol and e) pentan-l-ol. 

The data of Figure 6 are the quasi-linear regions of the complete data sets. In all 
cases, both the early data (t<100sX and that just prior to the crystal reaching 4f4 Hz, 
30 exhibit variations from die central linearity winch is characteristic of radial 
sensitivity effects currently beyond the model used. Indeed, for methanol the linear 
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feature between tbese noo-linear aspects is very short due to the rapid evaporation of 
this alcohol. 



The region of each data set presented in Figure 6 has been fitted using a linear 
5 regression in order to extract the radial retreat speed Vr. These results are presented 
in Table 1: 



Alcohol 


Methanol 


Ethanol 


Propanol 


Butanol 


Pentanol 


Region of fit 


95-105S 


96-99s 


60-80s 


100-2005 


30O-5OOS 


Degrees of 


29 


8 


59 


299 


599 


freedom ^ 












R 2 


0.94 


0.964 


0.994 


0.988 


0.953 


Slope /10"V 


1.1640.05 


9.68±0.66 


2J22±0.02 


0.465±0.003 


0.231 ±0.002 


Constant 


-1.71±0.05 


-9.77*0.64 


-1.99±0.02 


-1.082±0.005 


-1353±0.009 




4.564&20 


38U)1±2^9 


8.72±0.08 


lJBdbO.01 


0.907±0.008 



TABLE. 1. Results from the linear regression analysis of the data in Figure 6. 

10 

la summary, a quantitative method of fluid id e n ti fic ation is possible, in addition to 
the response recognition method, vto the retreat speed r„ This is particularly 
advanta geous in those cases where the frequency responses are characteristically 
similar , for example those of butanol and pentanol in the data provided here. 

15 

In cases where the liquid is unknown, the data available from measurement of the 
change in resonant frequency with evaporation rate can be correlated to a library of 
known values. The measurements can be subjected to signal processmg, for instance, 
20 by Fast Fourier transformation. 

A further example of use of die above technique is for the analysis of samples of the 
extractant tri-butyl phosphate (TBP). Despite being chemically stable TBP 
undergoes some thermal and radtohytic degnxianon in the process of uranium 

10 
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IS 



«tm^ to fonndi^ phosphate and 

fonns strong extractable complexes with plutonium and zirconium, whilst mono- 
butyl phosphate tends to form predpitates. Both products lead to complications in 
the extraction process awl are Therefore 
the purity of TOP must be accurately monitored to determine the point at which 
wa shing is required- 

As a further example, the method of the present invention may be used to measure 
viscosity and the viscosity values may be used to determine the percentage of 
odourless kerosene (OK) in TBP. The measured viscosity is largely independent of 
the crystal used and of the droplet size. Four exi»eriments were inducted, each with 
a different crystal and with no particular control of droplet size. The "actual" 
viscosity was also measured using a reverse flow viscometer in a constant 
temperature water butt. 

The results are shown in Figure 7. A dear difference in measured viscosity is 
obtained as the percentage OK incxea Measurement of viscosity by the method 
of the present invention can be used as a teebmque to gh* a m^ 
whether tins TOP/OK solvent system is going "out of specification" during its use in, 
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CLAIMS 

1. Amethodfordetenninmgaphys^orch^ 
method comprising: 

5 depositing said liquid on a surfrce of a crystal of a quartz crystal 

microbalance to form a droplet on said surftce; 
evaporating said liquid from said surface; 
measuring a signal output of the crystal microbalance; and 
analysing the rignal output to deternin^ 

10 

2. A method according to Claim 1 wherein the liquid characteristic is the 

v. 

chemical composition of said liquid. 

3. A method according to Claim 1 wherein the liquid characteristic is the 
15 viscosity of said liquid. 

4. A method according to any of the preceding claims, wherein said liquid is 
comprised of a single unknown chemical or a mixture of unknown ch emi cals 

20 5. A method according to any of the preceding claims wherein the liquid 
com pri ses an organic liquid. 

6. A method a ccording to any of the preceding claims, wherein said droplet has 
a volume of from 0.5 to 1 ul. 

25 

7. A method according to Claim 6, wherein the volume of the droplet is about 
lul. 

8. A method according to any one of the precedliig dainis, wlierem tte sigml 



30 



output is one dependant on the evaporation rate of liquid from the crystal 
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9. A method according to any one of the preceding claims, wherein the signal 
output gives information on at least one physical property of the crystal 
microhalance. 

5 

10. A method according to Claim 9, wherein the at least one physical property is 
selected from die resonant frequency, the admittance, the quality factor, the 
radiofrequency voltage and die phase. 

10 11. A method according to any of the preceding claims, wherein the signal output 
is analysed by comparing values derived from the signal output with known 
values contained in a i 



12. A method according to Claim 11, wherein die values derived from the 
1 s measured values are obtained from equation (3) as herein set out and defined. 

13. A method according to any of die preceding claims, wherein die rate of 
e va po r ation is c on trollable. 



20 14. A method according to any of the p re ce ding claims, wherein the rate of 

evaporation is controlled by varying the temperature at the crystal surface. 

15. A method according to any of the p re cedin g claims, wherein die rate of 
evaporation is controlled by varying the pressure at the crystal surface. 

25 

16. An apparatus for determining the chemical composition of a liquid, the 
apparatus comprising; 

a quartz crystal microbalance; 

means for depositing said liquid on the surface of a crystal of said crystal 
30 microbalance to form a droplet on said surface. 

means for causing the evaporation of said liquid from said surface; 
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means for measuring the signal output of the crystal microbalance; and 
means for analysing the signal output to determine a fluid characteristic of 
said liquid. 
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